Abstract The present study was conducted to investigate whether hair calcium levels are related to nutritional habits, selected status parameters, and life-style factors in young women. Eighty-five healthy female students neither pregnant nor lactating, using no hair dyes or permanents were recruited for the study. Food consumption data, including fortified products and dietary supplements were collected with 4-day records. The calcium levels in hair and serum were analyzed by atomic absorption spectroscopy. Serum osteocalcin and the C-terminal telopeptide of type I collagen were assayed by ELISA. The women were divided into four groups according to their total vitamin D and calcium intakes and hair calcium levels. At adequate calcium intake and comparable serum bone biomarker levels, supplemental vitamin D increased the hair calcium levels. On the other hand, at lower than estimated adequate requirement of vitamin D intake the hair calcium levels were comparable in women with low calcium intakes but consuming high amounts of meat products or those whose diets were rich in dairy products, possibly due to homeostatic mechanisms. Elevated hair calcium was seen in 25% of subjects and could not be related to nutritional or life-style factors. The results show that the hair calcium levels were weakly related to the quality of diet, with some synergistic interactions between nutrients, especially vitamin D and magnesium.
After minerals are incorporated into hair, they are no longer subject to the present metabolic condition reflecting the changes that have occurred over a reasonably long period of time. The limitations are due to the possibility of contamination from environmental sources, and to some degree, to the lack of reference values suitable for different minerals in different population groups [1] [2] [3] [4] .
The hair calcium (Ca) concentration has been used as an indicator of disorders in Ca and bone metabolism [5] and as a predictor of risk of coronary heart disease [6] . It was also suggested that hair Ca and magnesium (Mg) levels were more reliable indicators of spine bone mineral density than its concentration in serum in premenopausal women [7] .
Studies on minerals concentration in hair have been conducted in various populations in the context of nutritional status [8] [9] [10] but only a few took into account, directly [11, 12] or indirectly [6, 13] , food consumption patterns and the intake of nutrients, including minerals.
Consequently, the present study was conducted to investigate whether hair calcium levels in young women are related to nutritional habits and nutrient intake, also considering some biochemical parameters and life-style factors. This work is part of a larger research on the influence of an 8-week consumption of fortified foods on nutritional status in young women.
Materials and Methods

Subjects
The Bioethics Committee of the Polish National Food and Nutrition Institute approved the study protocol. Eighty-five female students aged 19-26 years were selected for the study. None was pregnant, lactating, using hair dyes or permanent treatments, or suffering from chronic diseases or taking any medications that could influence Ca metabolism. Their BMI was in the 16.2-29.4 kg m −2 range (median, 20.6 kg m
−2
). Information on hormonal contraceptive usage, smoking status, self-perceived physical activity, and health status were collected by means of a questionnaire.
Methods
Food and Nutrient Intake
The energy and nutrient intakes were calculated with the "Nutrition" software from the Department of Human Nutrition, Warsaw, Poland.
Four-day records (four consecutive days including one weekend day) were used to assess the food and water intake. The 4-day records were collected during the base-line period (habitual intake), during the "washout" period without fortified products and dietary supplements and during the intervention study. Using food portions photographs and food labels, a trained interviewer supervised the portions of the foods consumed by the participants [14] . Data on consumption of fortified foods or dietary supplements were collected by means of a questionnaire and photo album of such products [15] .
The medians of within-personal variations in macronutrient intakes in three periods of the study ranged between 11.2% and 16.0%, being lowest for energy and highest for fiber. The variations were greater for micronutrients: 20.3% for Ca, 24.1% for vitamin D and especially higher for vitamins C (33.9%) and A (32.7%). It should be remembered that the data were obtained at a normal nutrition period and during the washout and intervention periods. Herein, the data from the base-line period are shown.
Hair and Serum Analysis
Hair samples (3 cm from skin) were collected from six different points from the neck. The samples were cut and washed according to IAEA method, rinsed in acetone (Merck1.00014.1000, Germany), three times in ultrapure water, and again in acetone. After drying to constant mass, samples were digested with 60% HNO 3 (Merck 1.00456.1000; Germany) in a microwave cavity (MARS 5, CEM, USA). Calcium was measured by AAS (UNICAM 989, SOLAAR, UK) after dilution with 5% CsCl solution using a nitrous oxide-acetylene flame.
Venous blood samples were taken mornings in fasting state. Calcium in serum was measured by AAS, after microwave digestion similar to hair samples.
Reference materials for Ca were obtained from IAEA-085 (Austria) for hair and Seronorm™ Trace Elements Serum L-1 (Norway) for serum. Recovery for hair was 98.6% while for serum it was 94.8%. The coefficients of variation were 6.0% for hair and 0.75% for serum.
Serum osteocalcin (OC; biomarker of bone formation) and C-terminal telopeptide of type I collagen (CTx; biomarker of bone resorption) were assayed with a immuno-enzymatic ELISA kit from Nordic Bioscience Diagnostics, Denmark; Microplate Reader Pointe, USA.
Statistical Analysis
The Statistica PL v.8.0 computer program was used for all statistical analysis. The data were tested for distribution with the Shapiro-Wilk test. The data were log-transformed, when necessary. For descriptive purposes, the results are presented using untransformed values as means±standard deviation as well as median and range.
Cluster analysis was conducted to discriminate subjects with different nutritional status and/or nutrient intake. Before clustering, all variables such as serum OC, CTx, and Ca concentrations; hair Ca level; energy, total protein, animal protein, total Ca, and vitamin D from normal diet; Ca and vitamin D from fortified and non-fortified food products; Ca and vitamin D from supplements; the intake of other nutrients as well as the intake of food groups were standardized in order to eliminate differences in their magnitudes.
The K-means procedure was applied which is based on Euclidean distance of objects from the cluster center in an iterative manner. Firstly, the data set is scanned for initial cluster centers and then the algorithm moves the objects between clusters and new cluster centers are calculated. This procedure is repeated until the distances between the objects within a cluster are smaller than the distances between the cluster centers. Because the number of clusters need to be selected a priori, separate analyses were performed using two, three, four, five, and six clusters. Also, the decision about the number and type of applied variables was made after conducting a number of analyses. Significantly, most homogenous groups (minimalized within-group variation) with the highest differences between each other (maximized between-group variation) were achieved when 4 clusters were separated and three variables were used: calcium level in hair, total intake of Ca and total intake of vitamin D (ANOVA, F test: 46.2; 41.7 and 103, respectively, and p<0.0001 for each). Clusters can be described as "Low Ca intake, low hair Ca" (I), "Low Ca intake, elevated hair Ca" (II), "Very high intake of vitamin D, high hair Ca" (III) and "High Ca intake, low hair Ca" (IV). Individual characteristics in clusters were compared using Student's t test and Chi-square test for quantitative and qualitative data, respectively. The Pearson's correlation was used to examine the relationship between quantitative variables. Besides, a stepwise multiple regression was applied in order to determine the factors that influenced hair calcium level. For all analysis, p values<0.05 were considered statistically significant.
Results
The hair calcium level, total Ca, and vitamin D intake in clusters are presented in Table 1 . Women in cluster I (49% of subjects) had a significantly lower mean Ca intake than those in other clusters and lower hair Ca level than in clusters II and III. In cluster IV (16% of subjects), vitamin D intake and hair Ca were similar to cluster I, but the Ca intake was significantly higher. Elevated hair Ca level (above reference values) was found in cluster II (25% of subjects), in which both nutrients intake was quite low.
Cluster III (9% of subjects) had more than five times higher vitamin D intake and also higher calcium intake and level in hair than other subgroups. Further analysis showed that almost all women in cluster III (seven out of eight) took dietary supplements with vitamin D, while in other clusters there was either no subjects (cluster II and IV) or a very small number of subjects (three out of 42) taking such supplements. Also Ca supplements were significantly more popular in cluster III (50% of subjects) than in other subgroups (7.0%, 14.3%, and 0%, respectively in clusters I, II, and IV).
Although clusters did not differ significantly in their health and life-style factors (Table 2) , it is worth noticing that women in clusters III and IV had a more positive perception of their health and physical activity than women in clusters I and II. Also, there were no smokers in cluster III, while there were 14, three, and three smokers in clusters I, II, and IV, respectively. Values in rows not sharing a common letter are significantly different (p<0.05) X±SD arithmetic mean±standard deviation a Reference values for Polish population [16] The intakes of some foods, macro-and micronutrients are presented in Tables 3, 4 , and 5. In general, these were lower in clusters I and II compared with cluster IV and particularly to cluster III.
Considering the energy content in the diets, women in clusters I and II could be classified as "small eaters" but they differed significantly in meat, fish and poultry consumption and as a consequence in dietary Ca/P ratio. Cluster I can be described as the "meat eaters". On the basis of food groups women in cluster III can be classified as "cereal eaters" and "supplement users", while those in cluster IV as "dairy products eaters". For women in cluster IV, food products (including water) were the only source of Ca, while in cluster III supplements were the important source. The dietary Ca/P ratio was more consistent in clusters III and IV than in cluster I. There were no differences in consumption of eggs, butter and cream among clusters.
No significant differences were found among clusters in relation to serum biomarkers, with the exception for serum Ca in cluster II, which was lower to that of cluster IV (Table 6 ). The highest serum OC and CTx were seen in cluster III.
To assess the relationship between hair calcium and intake of nutrients or serum levels, the Pearson's correlation was applied to the whole population, or to subpopulations such as a group of women with hair Ca level above or within reference values. The significant correlations found in cluster IV are given in the "Discussion" section.
Also, stepwise multiple regressions were used with hair Ca level as a single dependent variable to look for variables that might explain its accumulation in hair. After conducting a number of analyses (also in the whole population and in subpopulations), it turned out that the best possible model included only one variable, i.e., total intake of magnesium: higher intake of Mg was connected with higher hair Ca level, but its R 2 =18.9%, meaning that only 19% of variation in Ca level in hair could be explained by the total intake of magnesium and over 80% remained unexplained.
Discussion
Calcium bioavailability, metabolism, and status are influenced not just by the total calcium intake but also by vitamin D and other factors like the presence of promoters or inhibitors of its absorption in the food consumed, additional host-related factors such as overall health, hormonal status, physical activity, and coexisting diseases as well as the use of medications that might affect Ca absorption [20] . As a consequence, the levels of Ca in organs, tissues and hair are the result of several variables. In addition, vitamin D requires sunlight for its biosynthesis, so geographical location and climatic conditions play additional decisive roles in Ca metabolism. Because our study started in February and participants were students living in the same general area, it can be assumed that they had similar exposure to sunlight for at least 6 months.
In light of recently revised Institute of Medicine Dietary Reference Intakes for vitamin D [17], the only subgroup in our study with intake (mainly from supplements) higher than estimated average requirements (EAR), was cluster III. The dietary intake of this nutrient among the rest of the participants was very low.
It could be assumed that adequate or above EARs intake of vitamin D and Ca observed in cluster III would result in higher intracellular pool calcium and in turn, higher amounts of Ca in hair. This was not the case in cluster IV. Although in both clusters III and IV the total intake of Ca and most other nutrients was about the same, with comparable life-style [18] b EAR for Polish women aged 19-30 years old [18] c Assumption: at least 55% of energy should come from carbohydrates [18] d Recommendations for Polish adults [18] factors, a low vitamin D level in cluster IV was probably the main reason of almost two times lower hair calcium level in this subgroup than in cluster III. For example, men supplemented with vitamin D plus antioxidants for 4 months resulted in larger Ca levels in their beard [21] . MacPerson and Bacsó in a study involving more than 4,000 men living in different regions of the UK found direct relationships between hair Ca levels and annual sunshine hours and hardness of tap water [6] . The main consequences of vitamin D deficiency are impairment of intestinal Ca absorption and a series of adaptive responses or compensatory actions. Firstly, decreased serum Ca 2+ level stimulates parathyroid hormone (PTH) secretion, which in turn promotes the production of an active metabolite of vitamin D (1,25-(OH) 2 D) and thus increases intestinal Ca absorption. In addition to this partial adaptation, PTH promotes renal Ca reabsorption, a positive compensation, but accelerates bone resorption, a negative compensatory action on bone health [22] . When normocalcemia is achieved as a result of these actions of PTH there is no extra Ca pool for deposition in hair (cluster IV). The interpretation of bone biomarkers values in young women is somewhat complicated due to lack of reference values for the 19-25 age group. For women in the 20-29 age segment, higher levels of bone formation and bone resorption markers reflect bone consolidation process occurring in this age range, just the opposite to what occurs in elderly women [23] . In our study, no significant differences in bone biomarkers were observed among clusters, but the serum OC and CTx values were slightly higher in cluster III than in the other subgroups.
It is worth noting that although the intake of Ca and other nutrients beside vitamin D are higher in women in cluster IV than those in cluster I, their mean hair Ca levels and serum OC and CTx concentrations did not differ significantly. The explanation may be in phenomena related to calcium absorption or those related to its urinary excretion.
Absorption is a crucial regulator of Ca homeostasis in human body. It increases during periods of high physiologic requirements or those in which the Ca intake is lower [20, 24] . It has been reported that significant increases in Ca intake did not result in better Ca balance but to a significant increase in fecal Ca excretion in young adults [25] . So it may be assumed that there is a higher percentage of Ca absorption in women with lower Ca consumption, which would at least in part explain the situation for clusters I and IV. It is also possible that the presence of Ca absorption inhibitors such as oxalates, phytates and fiber play a relevant role [26] . In cluster IV the intake of fiber was higher than in cluster I, but it was not above dietary recommended values, so it might have a minor impact on Ca absorption. The intake of oxalates and phytates was not evaluated in the present study. Values in rows not sharing a common letter are significantly different (p<0.05) X±SD arithmetic mean±standard deviation a From reference [19] b Reference values for premenopausal women (kit leaflet)
c Reference values for premenopausal women (geometric mean and 95% CI; kit leaflet)
A number of factors increase urinary Ca excretion: high intake of sodium, protein, caffeine, diuretics or a high dietary acid load [27, 28] . It is possible that women in cluster I might have lower urinary Ca excretion than those in cluster IV as they consumed significantly less protein, coffee and possibly less total Na, although dietary Na was comparable in both clusters.
The latter can be presumed on the fact that even though the Na amount derived from table salt was not calculated, salt could be an important source in cluster IV, where food consumption was significantly higher than in group I (p<0.05, data not shown) with consequent higher intake of salt, as customary in Poland. A study conducted among Polish students showed the daily consumption of salt is 4-9 g per person per day [29] .
On the other hand, compared with cluster IV the diet of women in cluster I contained almost two times the amount of meat products, which imposes a high acid load, thus increasing hypercalciuria. With exception of milk and dairy products, there were no significant differences in other food groups that may play a role in acid-base homeostasis in the body. The influence of dairy products may be twofold. Milk and yogurt are alkaline and cheeses are acidic, so nothing can be said about their influence on renal acid load.
Another issue is the significantly lower Ca/P intake ratio observed in cluster I. This imbalance between dietary calcium and phosphorus intake can adversely affect the Ca metabolism and bone health [30] .
The very high mean hair Ca level in cluster II may be due to a lower rate of hair growth resulting in higher accumulation of minerals. Such situation has been reported for Zn, Fe, and Cu in malnourished children [31, 32] . Although women in cluster II were rather "small eaters", they were not malnourished. With exception of meat products they consumed similar amounts of almost all other food groups, macro-and micronutrients (beside vitamin PP) than cluster I. Above reference values of hair Ca level in women from cluster II could not be explained by their nutritional parameters or life-style factors considered in this work and requires additional study. It is also worth noticing that although they had the highest mean hair Ca level, they also had the lowest mean serum Ca concentration.
Elevated Ca hair levels are mainly related to some pathologic conditions. Results from fibromyalgia patients and conclusions from a study on rats and monkeys [8] , allowed the author to conclude that high levels of Ca and Mg in hair were related to a decreased body pool. Also, very high hair Ca concentrations (>1,900 μg/g) in women with primary hyperparathyroidism or hyperthyroidism, suggested that hair acts as a minor excretory organ, reflecting well the increased Ca mobilization from the bone in both pathologies [5] . This could not be the case in our study as the bone biomarkers in clusters were similar.
Young women participated in this study did not suffer from chronic diseases and were not on medication that might affect Ca metabolism. Also, there were no significant differences in self-perceived physical activity, use of contraceptives or smoking status, so these factors are not expected to influence Ca status/utilization among clusters. Moreover, hair treatments like dyes or permanent wave may increase the level of minerals in this material [4] but our volunteers declared not to use such treatments for at least three past months.
In this study, no significant correlations between hair Ca levels and other measured variables: Ca or other nutrients intake, biochemical and somatic parameters were seen in the entire group. In cluster IV the women had a well-balanced diet, but too low vitamin D intake there was an inverse correlation between hair Ca and vitamin D intake r=−0.57; p= 0.033. It could be assumed that higher vitamin D intakes would result in more Ca been preferably incorporated into bone and not into hair. In the same cluster, the Ca levels in hair and in serum were negatively correlated (r=−0.56; p=0.037) as well as with BMI (r= −0.65; p=0.012), and higher Ca serum levels were directly related to higher CTx serum levels (r=0.49; p=0.072). In addition, the concentrations of Ca and Mg in hair were also positively correlated (r=0.57; p=0.033). These results are in good agreement with observations from other studies [3, 9, 33] .
Stepwise multiple regression analysis revealed that data collected in this study do not allow a full explanation of the Ca concentration in hair. It does show, however, that a higher intake of Mg can result in a higher content of Ca in hair in young women. This can be explained by the synergistic action of those minerals in the body. Probably, the enzyme involved in the activation process of vitamin D renal hydroxylation step is magnesiumdependent. On the other hand, the relationship between Ca and Mg might have an antagonistic character as they compete for intestinal absorption [34] .
The bone mineral density, PTH, serum vitamin D and urine Ca excretion were not included in this study. These parameters may help to account for the observed broad range of Ca levels in the hair of healthy young women.
Conclusions
At adequate Ca intake and comparable serum bone biomarker levels, higher vitamin D intake from supplements positively correlated to higher Ca deposition in hair. At much lower than recommended vitamin D intake and similar serum bone biomarker levels, hair Ca concentrations were similar in women consuming low amounts of Ca but high amounts of meat products and in women whose diets were rich in dairy products and Ca. Probably, the homeostatic mechanisms operated and in consequence, comparable Ca amounts were retained in the body. Above reference values of hair Ca levels in 25% of subjects could not be explained by their nutritional habits or life-style factors analyzed in the study. Although our results showed that hair Ca concentrations were weakly related to the quality of the diet, some synergistic interactions between nutrients, especially with vitamin D and Mg were observed.
